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Abstract: Permanent magnet-assisted synchronous reluctance motors (PMSRMs) have been widely
used in household appliances, national defense and the military, due to their advantages of low
cost and high efficiency. However, their excessive torque ripple cause a series of problems, such as
high vibration and noise. To solve this problem, this paper first considers the important factor that
causes the torque ripple—the cogging torque. Firstly, the generating principle of the cogging torque
is analyzed, and a method combining magnetic pole migration and the stator auxiliary groove is
proposed. On this basis, considering the position, width, depth, quantity and shape of the auxiliary
groove, the Taguchi method is used to optimize the proposed improved structure. Finally, a new
motor structure that can minimize torque ripple is obtained. Compared with the original structure,
the cogging torque is reduced by 57.6%, the torque ripple is reduced by 38%, and the electromagnetic
torque is only reduced by 1.6%.

Keywords: permanent magnet-assisted synchronous reluctance motors (PMSRMs); low torque ripple;
low cogging torque; permanent magnet shifting; stator auxiliary groove; Taguchi method

1. Introduction

PMSRMs are widely used in household appliances [1], electric vehicles [2], aerospace [3]
and other fields due to their significant advantages of small size, low loss and high effi-
ciency. However, excessive torque ripple seriously affects the stability of motor operation.
It then causes a series of problems, such as high vibration, high noise and a short lifespan.
Therefore, reducing torque ripple is very important for the performance of the motor.

The torque ripple is mainly caused by ripple torque and cogging torque. No matter
what operating conditions the motor is in, cogging torque will cause torque ripple. There-
fore, cogging torque is an important factor of torque ripple. Cogging torque is produced
by the tangential force that interacts with the permanent magnet and the stator cogging
in order to maintain alignment. Its basic period number is equal to the least common
multiple of the number of poles and slots in the motor [4]. A periodic cogging torque can
be regarded as the superposition of harmonics after the Fourier decomposition. Therefore,
reducing cogging torque can be started by reducing each harmonic amplitude of cogging
torque. On the one hand, in order to reduce the amplitudes of some of the sub-harmonics
of cogging torque, the amplitudes of the superposed harmonics of cogging torque can be
changed by the relative offset of some sub-slot torque harmonics. Then, some subharmonics
are completely eliminated under the appropriate offset angle. At present, the structural
migration of the stator or pole can be divided into two types: axial migration and circum-
ferential migration. In terms of axial migration, the literature [5] proposes a multistage
stator tilt structure for the transverse flux motor, which reduces the cogging torque by 96%.
However, this is not suitable for an ordinary interior permanent magnet synchronous motor.
The literature [6] proposes three piecewise skew pole modes to achieve axial migration.
The optimal offset mode was selected by finite element simulation, which reduced the

World Electr. Veh. ]. 2023, 14, 82. https:/ /doi.org/10.3390/ wevj14040082

https://www.mdpi.com/journal /wevj


https://doi.org/10.3390/wevj14040082
https://doi.org/10.3390/wevj14040082
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/wevj
https://www.mdpi.com
https://orcid.org/0000-0002-5089-3463
https://orcid.org/0000-0003-2858-1655
https://orcid.org/0000-0001-6760-6048
https://doi.org/10.3390/wevj14040082
https://www.mdpi.com/journal/wevj
https://www.mdpi.com/article/10.3390/wevj14040082?type=check_update&version=2

World Electr. Veh. ]. 2023, 14, 82

20f18

cogging torque by about 80%. However, the corresponding relation between the offset
angle and the cogging torque is not given in the literature. In terms of circumferential
migration, the literature [7] proposes a magnetic pole migration method for the interior
permanent magnet synchronous motor. Based on the Taguchi method, the magnetic pole
offset angle and permanent magnet size are comprehensively optimized, which greatly
reduces the cogging torque. However, the corresponding relation between the magnetic
pole migration and the slot torque is also not given in the literature. The literature [8]
deduces the corresponding relationship between the magnetic pole offset angle and the
cogging torque, and has proposed three offset modes. The most effective way to reduce the
cogging torque is optimized.

On the other hand, the harmonic amplitudes of the cogging torque can be reduced by
changing the magnetic circuit structure. The literature [9] reduces the harmonic content of
the radial component of the magnetic density of the air gap by changing the eccentricity of
the eccentric magnetic pole. As such, the cogging torque is reduced. However, this method
is only applicable to a surface-attached motor and has some limitations. The literature [10]
proposes a cross-shaped magnetic barrier structure for a synchronous reluctance motor
in order to reduce the harmonic content of the magnetic density of the air gap. Then,
the optimal magnetic barrier structure size used to reduce torque ripple is obtained by
using the equivalent magnetic circuit method. However, the derivation process is relatively
complicated. In order to reduce the volume of the air gap, the literature [11] proposes three
shapes of auxiliary convex grooves to be used in the stator teeth. The simulation shows
that the semi-circular shape has the best effect, and can reduce the cogging torque by 90%.
However, only the shape of the auxiliary convex grooves is considered in this literature.
The literature [12] increases the number of cycles of the cogging torque by opening auxiliary
grooves in the stator teeth, thus reducing the cogging torque by 38%. However, only the
shape and number of the auxiliary grooves are considered.

In order to reduce the amplitude of each harmonic wave of the slot torque, the relative
offset of a harmonic wave of the slot torque and the change in the magnetic circuit structure
are considered. A method combining magnetic pole migration and the stator auxiliary slot
is proposed. In addition, in order to determine the position, width, depth, quantity and
shape of the auxiliary slots, the proposed improved structure needs to be optimized.

In the optimization design of the motor parameters, not only the mutual influence of
several optimization variables need to be considered, but also the different performances
of the motor need to be taken into account. To solve this problem, a multi-objective
optimization design method should be adopted. At present, the commonly used multi-
objective optimization design methods mainly include genetic algorithm [13], differential
evolution algorithm [14] and particle swarm optimization algorithm [15]. However, the
above intelligent optimization algorithms have seevral problems, such as complex solution
processes and long solution times. Correspondingly, the Taguchi method, established by
Dr. Genichi Taguchi in Japan, is a low-cost and cost-effective multi-objective optimization
design method. This method can greatly reduce the number of tests, reduce test costs and
improve design efficiency, and is widely used in the field of motor design [16,17]. In the
literature [18], the Taguchi method has been used to optimize the parameters of a reluctance
motor, so that the no-load back electric of the motor is closer to sine and the cogging
torque is lower. Similarly, the Taguchi method is adopted in the literature [19] in order
to optimize the position of permanent magnets and improve the average torque, torque
ripple and efficiency of the motor. The literature [20] also optimizes the stator structure
of the motor using the Taguchi method in order to improve the working efficiency of the
motor. Therefore, the Taguchi method is adopted in this paper to match the five key factors
so as to minimize the torque ripple: the position, width, depth, quantity and shape of the
auxiliary groove.

In order to reduce the torque ripple of PMSRM, a method combining pole migration
and the stator auxiliary slot is proposed based on the cogging torque, which causes the
torque ripple. The method mainly reduces the cogging torque by reducing the amplitude
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of each harmonic wave. This paper first introduces the structure and he basic parameters
of the motor, and analyzes the cogging torque generation and the reduction principle. On
this basis, a new structure that combines magnetic pole migration and the stator auxiliary
groove is proposed. The Taguchi method is used to match the five key factors of the
position, width, depth, quantity and shape of the auxiliary slot. Finally, a new motor
structure that can minimize torque ripples is obtained.

2. Theoretical Analysis of Motor Structure and Cogging Torque

This section firstly introduces the original structure and basic parameters of the per-
manent magnet-assisted synchronous reluctance motor. Then, the generating principle
of cogging torque is analyzed. Finally, the principle of reducing cogging torque using
magnetic pole migration and the principle of reducing cogging torque using the stator
tooth opening auxiliary slot are analyzed.

2.1. Motor Structure and Basic Parameters

In this study, a 4-pole 36-slot PMSRM was taken as the research object. The structure
of the original motor is shown in Figure 1, and the stator windings are distributed at
short-distance windings. The basic parameters of the motor are shown in Table 1.

YA

Stator

Winding

Figure 1. Original motor structure.

Table 1. Motor specific parameters.

Parameters Symbol Value Unit
Rated speed nN 3000 r/min
Rated current In 42 A
Number of pole Pairs p 2 -
Number of slots z 36 -
Radius of the stator inner surface Ry 90.1 mm
Radius of rotor outer surface Ry 89.6 mm
Radius of the stator outer surface Rs 132.6 mm
Length of motor Is 155 mm

2.2. Cogging Torque Generation Principle

In order to more easily describe the mathematical model of PMSRM, without affecting
the electromagnetic performance analysis of the motor, the following assumptions are
made, assuming that the three-phase winding in the stator groove is evenly distributed. At
the same time, it is assumed that the three-phase alternating current added by the stator
windings is the standard sinusoidal alternating current. It is assumed that the various
losses generated inside the permanent magnet are small and the permeability of the motor
core is infinite and can be omitted. Since the magnetic permeability of the motor core is
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infinite, the total energy W in the motor can be regarded as the sum of the magnetic field
energy of the permanent magnet and air gap. The expression is as follows [21]:

1
W = Wpng + W = 270/ B2(6,a)dV )
14

where 1 is the vacuum permeability and V is the air gap volume. The expression of the air
gap magnetic density B(0,«) is as follows:

B(0,a) = B:(0)G(6,«) 2)

where B,(0) is the circumferential distribution of the remanent magnetic field of the per-
manent magnet; G(6,«) is the circumferential distribution of the effective air gap’s relative
permeability; 6 is the electrical angle of the rotor; and « is the relative position angle
between the fixed rotors.

Cogging torque is the negative derivative of energy W with respect to the relative
position angle a between fixed rotors when the motor is unloaded, as shown in the

following formula:

oW
o @)

After substituting Equations (1) and (2) into Equation (3), the Fourier expansion of
cogging torque can be obtained as follows:

Te(a) =

izl = .
4]/[05 (R? — R3) Y NGBy (nz/2p) Sinnza 4)
n=1

Te(a) =

where z is the number of stator slots; I5 is the axial length; R; is the inner radius of the
stator; R, is the outer radius of the rotor; # is the harmonic frequency of the air gap flux
density and can make nz/2p an integer; and G, is the permeability of the motor to the n
order of the air gap flux density. The specific expression of By, ,2p) is as follows:

P p2_. 12
B s1n(2ptxp7r) )

Br(nz/2p) = prm——

where p is the number of magnetic poles, and a, is the polar arc coefficient.

As can be seen from Equation (4), the total cogging torque can be seen as the superpo-
sition of various harmonics, and reducing the amplitude of each harmonic of the cogging
torque can effectively reduce the cogging torque.

2.3. Cogging Torque Reduction Principle
2.3.1. Magnetic Pole Migration Principle

It can be seen from Equation (4) that the total cogging torque can be seen as the
superposition of harmonics. Similarly, the cogging torque generated by a single magnetic
pole can also be seen as the superposition of harmonics. Since each harmonic of the cogging
torque is periodic, it can be expressed as a vector form. In addition, because the rotor pole of
the traditional permanent magnet motor is arranged symmetrically, the total cogging torque
is in the phase superposition of the cogging torque that is generated by each magnetic
pole. For example, Tcog of the total cogging torque fundamental, which is generated by
two symmetrically arranged magnetic poles, is Tcog1 Of the cogging torque fundamental
of magnetic pole 1, and is Tcogp Of the cogging torque fundamental of magnetic pole 2 in
phase superposition, as shown in Formula (6).

Tcog = Tcogl + TcogZ
= 1£0° +1£0° ©)
=2/0°
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When magnetic pole 2 is offset 90° from magnetic pole 1, the base wave amplitude of
the superimposed cogging torque will be reduced, as shown in Formula (7).

Tcog = Tcogl + Tc0g2
= 1£0° 4 1£90° @)
= V2/45°

When magnetic pole 2 is offset 180° from magnetic pole 1, the phenomenon of peak-
valley elimination will occur, even if the fundamental wave of cogging torque after super-
position completely disappears, as shown in Formula (8).

Tcog — lcogl + TcogZ
= 1/0° + 1/180° 8)
=0

Therefore, the appropriate angle of the magnetic pole relative offset will cause some
harmonics of the cogging torque to produce a peaking and valley effect, thus reducing the
cogging torque. The single magnetic pole migration formula of the nth harmonic of the

cogging torque is as follows [8]:
s

6 =
" nszZ

©)
where Ny, is the least common multiple of the number of poles and slots of the motor.

2.3.2. Principle of Stator Auxiliary Slot

It can be seen from Equation (4) that cogging torque is related to all harmonic ampli-
tudes and the gap volume of the air gap flux density. In order to take these two factors
into consideration, the concavity of the stator auxiliary groove can be changed. On the one
hand, the base amplitude of the air gap flux density can be reduced by opening auxiliary
grooves in the stator teeth. Because the period number of cogging torque is equal to the
minimum common multiple of the number of poles and slots of the motor, the auxiliary
groove is opened to increase the number of slots z, which can make the period number
of cogging torque increase, so as to reduce the cogging torque and torque ripple. On the
other hand, opening auxiliary convex slots in the stator teeth can reduce the volume of the
air gap, but also increase the amplitude of the magnetic density of the air gap. Therefore,
simulation can be used to find a suitable convex slot size to achieve cogging torque and
reduce torque ripples. In addition, in order to comprehensively consider the influence of
the various factors of the auxiliary groove on torque ripple, the Taguchi method will be
adopted to determine the specific dimensions of each key factor of the auxiliary groove.

3. Motor Structure Design

In this section, a new magnetic pole migration structure is proposed based on the
principle of reducing cogging torque with magnetic pole migration. Since the asymmetrical
pole migration structure can produce a large and unbalanced magnetic pull, and a low
and unbalanced magnetic pull, a low cogging torque and low torque ripple after pole
migration are used as optimization objectives in order to select an optimal pole migration
structure. In order to further reduce the cogging torque and torque ripple, this section
opens an auxiliary slot on the stator tooth on the basis of the magnetic pole offset structure,
and uses the Taguchi method to match the five key factors of the position, width, depth,
number and shape of the auxiliary slot. The optimization goal is to minimize the torque
ripple and maximize the electromagnetic torque, so as to minimize the torque ripple while
maintaining the original electromagnetic torque.

3.1. Magnetic Pole Migration Structure Design

In order to describe the magnetic poles more clearly, the four magnetic poles in the
motor are named 14 respectively at first, as shown in Figure 2a. Then, the two mag-
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netic poles are regarded as a group of peak and valley elimination effects, that is, one
of the magnetic poles is fixed, and the other magnetic pole is rotated counterclockwise
on the basis of the symmetrical arrangement of the original magnetic pole in order to
create harmonics cogging torque, and thus achieve the peak and valley elimination ef-
fect. For a 4-pole 36-slot motor, the number of poles and slots in the motor is put into
Equation (9). It can be found that in order to weaken the fundamental harmonic T of
cogging torque, a single magnetic pole should be offset at 5°, as shown in Figure 2b. In
order to weaken the second harmonic T, of cogging torque, the relative deviation angle of
a single magnetic pole is 2.5°. In addition, in order to determine the direction of magnetic
pole offset, in addition to the known magnetic pole offset angle, it is necessary to determine
which magnetic poles are offset on the basis of the original symmetry. For the 4-pole 36-slot
motor, the total cogging torque is the cogging torque generated by four magnetic poles
in the same phase superposition; here, two magnetic poles are considered as a group of
peak and valley elimination factors, which can be divided into two groups. Therefore, it
is necessary to rotate both magnetic poles counterclockwise at the same time. At once,
any two of the four magnetic poles are rotated, applying any of the 12 rotation modes;
this involves, namely, rotating magnetic poles 12, 13, 14, 23, 24, 34, 21, 31, 41, 32, 42, 43.
Because the order of the poles in each rotation does not affect the effect achieved, there
are 6 rotation modes, namely 12, 13, 14, 23, 24, and 34. Among them, fixed magnetic pole
1 and 4, and rotating magnetic pole 2 and 3 have the same effect as fixed magnetic pole
2 and 3, and rotating magnetic pole 1 and 4; fixed pole 1 and 3 and rotating pole 2 and 4
have the same effect as fixed pole 2 and 4 and rotating pole 1 and 3; fixed magnetic pole
1 and 2 and rotating magnetic pole 3 and 4 have the same effect as fixed magnetic pole 3
and 4 and rotating magnetic pole 1 and 2. Therefore, after removing the repetitive mode,
there are three rotation modes: mode 1: rotating magnetic pole 2 and 3 counterclockwise;
mode 2: rotating magnetic pole 2 and 4 counterclockwise; and mode 3: rotating mag-
netic pole 3 and 4 counterclockwise. In addition, for the sake of expression, the original
symmetric magnetic pole structure is named mode 0 here.

| YA YA

X 5@ X

(a) (b)

Figure 2. Magnetic pole diagram. (a) Magnetic pole nomenclature. (b) Single magnetic pole offset.

Firstly, the three magnetic poles are shifted 2.5° counterclockwise, respectively, and
an optimal magnetic pole shift mode is selected. Then, the magnetic poles in this way
are offset by 2.5° and 5° counterclockwise, respectively, in order to determine the final
offset angle.

In addition to the cogging torque and torque ripples after pole migration, unbalanced
magnetic pull should also be considered because asymmetric pole migration can produce a
large imbalanced magnetic pull. The finite element simulation software “AYSYS Maxwell
19.2” was used to simulate the three magnetic pole migration modes, respectively, with a
counterclockwise migration of 2.5°. In addition, the simulation calculation is carried out on
the cogging torque T, cogging torque fundamental harmonic T.;, cogging torque second
harmonic T, electromagnetic torque T, torque ripple T, and the unbalanced magnetic
tension F of the motor under no-load and rated load conditions (phase current effective
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value 42 A and current angle 45.9°). The specific waveform comparison of each performance
is shown in Figure 3. The specific values of each performance are shown in Table 2.

25
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Figure 3. Performance comparison diagram of each mode. (a) Cogging torque waveform. (b) Cogging torque
harmonic distribution. (c) Electromagnetic torque waveform. (d) Unbalance magnetic tension waveform.

Table 2. Performance comparison table of each mode.

Mode
0 1 2 3
Performance
T (Nm) 13.2 6.2 59 6.2
T (Nm) 4.6 4 4.3 4
T (Nm) 4.65 0.05 0.19 0.04
T (Nm) 77.6 74.5 74.34 74.54
T: (%) 8.9 5.8 6.4 5.7
F(N) 14 179 3 184

As can be seen from Figure 3 and Table 2, relative to the original structure (mode 0),
modes 1-3 can effectively reduce the second harmonic of cogging torque and ensure torque
reduction within 5%. However, the offset modes 1 and 3 both cause the imbalanced
magnetic tension to rise significantly. This is mainly because the asymmetry of magnetic
pole migration in modes 1 and 3 will make the resultant force on the rotor non-zero. That
is, the magnetic pull generated by magnetic pole 1 and 3, magnetic pole 2 and magnetic
pole 4 are asymmetrical and cannot cancel each other out. However, the magnetic pole
migration mode of mode 2 has symmetry, which can still make the magnetic pull generated
by magnetic pole 1 and 3, and magnetic pole 2 and 4 symmetrical and thus cancel each other.
Therefore, the final mode of magnetic pole migration is mode 2; in this mode, magnetic
pole 2 and 4 are offset, so as to reduce the torque ripple without worsening the unbalanced
magnetic tension.

In addition, the offset angle of mode 2 needs to be determined, and the counterclock-
wise offset of mode 2 is 2.5° and 5°, respectively. The comparison of the performance
waveforms at different angles is shown in Figure 4, and the specific values of each perfor-
mance are shown in Table 3.
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Figure 4. Performance comparison diagram from different angles. (a) Cogging torque waveform.

(b) Cogging torque harmonic distribution. (c¢) Electromagnetic torque waveform. (d) Unbalance

magnetic tension waveform.

Table 3. Performance comparison table at various angles.

Offset Angle

Performance 0 25 >
T (Nm) 13.2 5.9 6.87
T (Nm) 4.6 4.3 0.13
T (Nm) 4.65 0.19 421
T (Nm) 77.6 74.34 73.32
Ty (%) 8.9 6.4 124
F (N) 14 3 24

As can be seen from Figure 4 and Table 3, compared with the original structure
(offset 0°), the second harmonic of cogging torque can be effectively weakened with an
offset of 2.5°. Similarly, the fundamental harmonic of cogging torque can be effectively
weakened with an offset of 5°, and the unbalanced magnetic tension of both methods does
not increase. However, when the torque is offset by 5°, the torque decreases too much
and the torque ripple increases. This is mainly because the available angle space between
the magnetic poles is only 8.5°, and the distance between the magnetic poles is only 3.5°
after the magnetic pole is offset by 5°. This will produce a large amount of magnetic
leakage, thus reducing the output torque and increasing the torque ripple. In addition,
since the primary and second harmonic amplitudes of the motor cogging torque are not
much different, it is better to choose a pole offset of 2.5° in order to reduce the cogging
torque. Thus, the final configuration of the offset poles is that poles 2 and 4 are offset by 2.5°
counterclockwise. Compared with the original structure, the cogging torque was reduced
by 55.3%, torque ripple was reduced by 28% and torque was reduced by 4.2%, which is
less than 5% and within the allowable range. When auxiliary slots are opened for stator
teeth later, the maximum torque is set as the optimization objective in order to achieve the
increase in torque.
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3.2. Stator Auxiliary Groove Design

In order to comprehensively consider the effects of the pole offset structure and the
stator auxiliary slot structure on cogging torque, torque ripple and torque, this section
introduces the auxiliary slot on the stator teeth based on the pole offset structure. The
Taguchi method was used to analyze the influence of each optimization variable on torque
and torque ripple, and the relative importance of the influence, so as to obtain the optimal
size of each optimization variable in the auxiliary groove.

3.2.1. Optimize the Selection of Variables

In order to determine the position and shape of the auxiliary groove, at least 5 opti-
mization variables are required, as shown in Figure 5. They are optimization variable A:
the central angle corresponding to the bottom width of the auxiliary groove; optimization
variable B: the depth of the auxiliary slot; optimization variable C: the number of auxiliary
slots; optimization variable D: the shape of the auxiliary slot; and optimization variable
E: the central angle corresponding to the space between the auxiliary slots.

Figure 5. Schematic diagram of optimization variables.

Combined with the structural parameters of the motor, the value range of the above
five optimization variables was determined. According to the original structure of the
motor, the central angle corresponding to the notch is 1.4°, and the minimum value of the
optimization variable A is 0°. In order to ensure the symmetry, the maximum value of
optimization variable A is the central angle corresponding to the 1.4° notch, that is, the
value range of variable A is 0°~1.4°. In order to comprehensively consider the concavity of
the auxiliary groove, the positive value of variable B is specified to represent the auxiliary
convex groove, and the negative value is specified to represent the auxiliary concave groove.
Combined with the air gap length of 0.5 mm, the value range of variable B is determined to
be —0.2 mm~0.2 mm. In order to ensure that the maximum bottom width of the auxiliary
slots does not exceed the stator teeth, the central angle corresponding to the stator tooth
width is 8.6° and the limitation of variable A is integrated. Variable C is taken as 1~4. In
order to ensure the symmetry of the auxiliary slots, the general position of each auxiliary
slot is determined according to the different values of variable C; if C is 1, the auxiliary
slots are located on the center line of the stator teeth. If C is 2, the two auxiliary slots are
located on the left and right sides of the center line of the stator teeth and are symmetric.
If C is 3, the three auxiliary slots are located on the center line of the stator teeth, with the
ones on the left and right side being symmetric. If C is 4, the positions of the four auxiliary
slots are symmetrical and there are two on each side of the center line of the stator teeth.
Optimization variable D considers the rectangle, triangle, arc and trapezoid, wherein the
length of the rectangle, triangle base, arc string and trapezoid bottom are all determined by
optimization variable A; meanwhile, the width of the rectangle, triangle height, arc depth
and trapezoid height are all determined by optimization variable B. In addition, for the
trapezoid, its upper base is taken as half of the lower base. In order to ensure that the
maximum bottom width and the maximum interval of the auxiliary groove do not exceed
the stator teeth, the optimization variable E should be selected according to the central
angle corresponding to the stator tooth width, using optimization variables A and C. Due
to the limitations of using the central angle corresponding to the stator tooth width and
variables A and C, a unified variable E cannot be obtained. Therefore, the corresponding
variable E intervals are set for different C variables, as shown in Table 4. The value range of
variable E is from a to d.
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Table 4. Different number of interval tables.

Interval
a b C d
Number
1 0° 0° 0° 0°
2 1° 2° 3° 4°
3 0.5° 1° 1.5° 2°
4 0.25° 0.5° 0.75° 1°

Four level values are evenly selected according to the value range of optimization
variables A, B and C, and a factor level Table is established, as shown in Table 5.

Table 5. Factor level.

Factor AC) B (mm) c D E
Level
1 0.35 —-0.2 1 Rectangle a
2 0.7 —0.1 2 Triangle b
3 1.05 0.1 3 Arc C
4 14 0.2 4 Trapezoid d

According to the factor level Table, the corresponding orthogonal Table L14(4°) is
established, as shown in Table 6.

Table 6. L14(4%) Orthogonal table.

Test Time A B C D E
1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 1 4 4 4 4
5 2 1 2 3 4
6 2 2 1 4 3
7 2 3 4 1 2
8 2 4 3 2 1
9 3 1 3 4 2

10 3 2 4 3 1
11 3 3 1 2 4
12 3 4 2 1 3
13 4 1 4 2 3
14 4 2 3 1 4
15 4 3 2 4 1
16 4 4 1 3 2

3.2.2. Test Results

The finite element simulation software “ANSYS Maxwell 19.2” was used to simulate
16 groups of orthogonal tests. Because the ultimate purpose of reducing cogging torque is to
reduce torque ripple, in order to obtain the reduction effect of torque ripple more intuitively,
the electromagnetic torque average value T and torque ripple T, which correspond to the
16 groups of orthogonal tests, are here analyzed. The specific calculation results are shown
in Table 7.
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Table 7. Test results.

Test Time T (Nm) Ty (%)
1 74.46 6.5
2 75.74 7.8
3 74.14 7.56
4 73.92 7.36
5 76.34 8.6
6 76.16 7.32
7 74.88 6.54
8 75.36 7.6
9 76.7 7.27

10 76.23 5.57
11 74.02 7.8
12 75.64 6.5
13 76.64 7.3
14 76.88 5.7
15 75.34 547
16 75.48 6.9

3.2.3. Results Processing

In order to analyze the influence of each optimization variable on the mean value
T of electromagnetic torque and the torque ripple T, and their relative importance, it is
necessary to carry out a mean value analysis and variance analysis on the results of the
16 groups of orthogonal tests.
1.  Mean analysis

(1).  Population mean analysis

Firstly, the overall mean value m of each column in Table 7 is obtained, and its
calculation formula is as follows:

m= "=t (10)

In the formula, m; is the test result of the i test in a column in Table 7, and 7 is the
number of tests.

Equation (10) can be used to obtain the overall mean value of each column in Table 7.
The calculation process of the overall mean value mr of the mean value of electromagnetic
torque is shown in Equation (11).

Ty+Tp+..+T
mr = -1 216 16
= 7446+7574+..+7548 (11)

=755

Similarly, the calculation process of m7; for the overall mean value of torque ripple is

shown in Equation (12).
T+To+...+Tne

16
_ 6.547.84...46.9
— % (]2)
= 5.68

mry

(2). Average value analysis of all variables at all levels

Taking the mean value of electromagnetic torque T under each level of factor A as an
example, the specific calculation process is as follows.
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The solution process of m7,(1), which is the mean value of electromagnetic torque T
under level 1 of factor A, is as follows:
_ N1+ hH+T3+T1y
= 1
_ 74.46+75.74X74.14+73.92 (13)
= 74.57

MrA(1)

Similarly, the mean value of electromagnetic torque T under level 2, 3 and 4 of factor
A can be obtained. The solution process is as follows:

Ts + Te + Tr + Ty
Mra) = — 64 718 _ 7569 (14)

To+Tig+ Ty + T
Mz = ——— i T2 _ 7565 (15)

Tiz+Tia+Tis+ T
M) = 13T 114 ; 157 116 _ e q (16)

By the same token, the average value of electromagnetic torque and the torque ripple
under various factors and levels can be obtained. The specific solving results are shown
in Table 8.

Table 8. Average of factors at different levels.

Factor Level mr (Nm) mry (%)
1 74.57 73
2 75.69 75
A 3 75.65 6.78
4 76.1 6.3
1 76 7.4
2 76.25 6.6
B 3 74.6 6.8
4 75.1 7.1
1 75 7.13
2 75.76 7.09
C 3 75.77 7.03
4 754 6.7
1 75.46 6.3
2 75.44 7.6
b 3 75.55 7.16
4 75.5 6.86
1 75.35 6.285
2 75.7 7.13
E 3 75.6 7.17
4 75.3 7.365

As can be seen from Table 8, the combination of the horizontal values taken by the
factors and that maximize the average electromagnetic torque is A(4)B(2)C(3)D(3)E(2), and
the combination of the horizontal values taken by the factors that minimize the torque
ripple is A(4)B(2)C(4)D(1)E(1). By observing these two combinations, it can be found that
factor A and B can simultaneously make the different electromagnetic performances of
the motor achieve the optimal value under the same level value. Therefore, factor A takes
the common level value of 4 and factor B takes the common level value of 2. However,
the factors C, D and E cannot make the different electromagnetic performances of the
motor achieve the optimum at the same level. Therefore, it is necessary to use variance
analysis to analyze the test results of the simulation of each group, in order to obtain the
relative importance of each factor regarding different electromagnetic performances, and
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then obtain the optimal combination of each factor level considering the electromagnetic
torque and torque ripple.

2. Variance Analysis

In order to obtain the relative importance degree of each optimization variable’s
influence on the mean value of electromagnetic torque and torque ripple, it is necessary to
conduct a variance analysis on the test results. The variance-solving process used for the
mean value of the electromagnetic torque and torque ripple under each factor is as follows:

Q 2
L (mpj) —m)

1
Q
where S4 is the variance in an objective function under factor A; Q is the number of levels
taken by each factor; my ;) is the average value of an objective function under factor A level
j; and m is the overall average value of the objective function.

Taking the variance of the average electromagnetic torque T under factor A as an
example, the calculation process of this variance St4 is as follows.

Sy=" (17)

Sta = }1{<mTA(1) - mT>2 + (mTA(Z) B mT)Z

2 2
+(mTA(3) - mT) + (mTA(4) - mT) ]
=1 [(74.57 — 75.5)% + (75.69 — 75.5)

+(75.65 — 75.5)% + (76.1 — 75.5)2}
=0.32

(18)

Similarly, according to Equation (17), the average value of electromagnetic torque and
the variance in torque ripple under various factors can be obtained, and the specific results
of the solution are shown in Table 9.

Table 9. Variance under various factors.

Factor St STy
A 0.32 0.22
B 0.45 0.1
C 0.1 0.02
D 0.001 0.22
E 0.03 0.17

In order to obtain the relative importance of each optimization variable on the average
value of electromagnetic torque and torque ripple more intuitively, the proportion of
variance under each factor is specified here. The formula for calculating the proportion of
variance under each factor of the average value of torque is as follows:

STx
Sta + St + Stc + STD + STE

Ksry = x 100% (19)
where Kgry is the proportion of variance and Sty in the total variance.

Similarly, the formula for calculating the variance proportion of torque ripple under
each factor is as follows:

STrx
Stra + SteB + Strc + SteD + STiE

KSTrx = x 100% (20)

where Kgrry is the proportion of variance and Sty in the total variance.
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The specific results of the average value of electromagnetic torque and the proportion
of variance in torque ripple under various factors are shown in Table 10.

Table 10. Variance under various factors.

Factor Ksry (%) KsTrx (%)
A 35.5 30.1
B 50 13.7
C 111 27.4
D 0.1 30.13
E 3.3 23.3

It can be seen from Table 10 that the impact of factors C, D and E on torque ripple is
greater than that exerted on the average value of electromagnetic torque. Therefore, factors
C, D and E are selected to minimize the torque ripple, that is, C(4), D(1) and E(1). Finally,
the combination of the horizontal values of each factor is obtained as A(4)B(2)C(4)D(1)E(1),
that is, the central angle corresponding to the bottom width of the stator auxiliary groove
is 1.4°, the protrusion depth of the auxiliary groove is 0.1 mm, the number is 4, the shape
of the auxiliary groove is rectangular, and the central angle corresponding to the interval
between the auxiliary groove is 0.25°, as shown in Figure 6.

Figure 6. Stator tooth diagram.

In summary, the final motor structure is obtained, that is, the magnetic pole offset
and the stator auxiliary slot structure. As shown in Figure 7, the structure effectively
reduces the second harmonic of the cogging torque by shifting the magnetic poles 2 and
4 counterclockwise by 2.5°, and further reduces the harmonics of the cogging torque by
adding auxiliary convex slots in the stator teeth.

Figure 7. Final motor structure.

4. Motor Performance Analysis

In order to more intuitively show the superiority of the final motor structure (magnetic
pole offset and stator auxiliary slot structure), the finite element simulation software
“ANSYS Maxwell 19.2” is used to simulate the three different motor structures of the
original structure, the offset magnetic pole structure, and the offset magnetic pole and
stator auxiliary slot structure. The electromagnetic performance of the motor under no-load
and rated load (the effective value of the phase current is 42 A, the current angle is 45.9°) is
calculated. In order to facilitate the expression, the original structure is named model 0, the
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offset magnetic pole structure is named model 1, and the offset magnetic pole and stator
auxiliary slot structure is named model 2.

4.1. No-Load Performance Analysis

The cogging torque waveform comparison and harmonic comparison of each model
are shown in Figure 8a,b, respectively. It can be found that compared with model 0,
model 1 effectively reduces the second harmonic of the cogging torque due to the 2.5°
counterclockwise shift in magnetic poles 2 and 4. Compared with model 1, model 2
effectively reduces the harmonics of the cogging torque due to the existence of the stator
tooth auxiliary slot, which further reduces the cogging torque by 5.1%. At the same time,
compared with model 0, model 2 reduces the cogging torque by 57.6%. Therefore, the
structure has a better effect on reducing the torque ripple of the motor.

0 Model 0 [ Model 0|
Model 1 5T ] Model 1
I5F Model 2 -1 C—] Model 2
4| L
10F
E g
3 -
Zs Z
= ©
2 -
0 -
1 | ”HHﬂ
o . . . 0...%. m%%mﬂ
0 2 3 4 5 6 7 8 9 10

5 10 15 20 0 1
Rotor position (°) Harmonic order

(a) (b)

Figure 8. Cogging torque comparison diagram of each model. (a) Waveform contrast diagram.
(b) Harmonic distribution diagram.

The comparison of the waveforms of the back electromotive force (EMF) and the flux
linkage of each model A is shown in Figure 9a,b, respectively, and the specific numerical
pairs are shown in Table 11. It can be found that their fundamental amplitude values
have good consistency, which indicates that the electromagnetic torque provided by them
is not very different. At the same time, their corresponding total harmonic distortion
(THD) decreases in turn, which provides the possibility of reducing cogging torque and
torque ripple.
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[—— Model 1 0.4 —— Model 1
I—— Model 2 Model 2|
_
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Figure 9. Comparison of A-phase performance of each model. (a) Back EMF waveform. (b) Flux
linkage waveform.
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Table 11. A-phase performance comparison table of each model.

Model

0 1 2
Performance
fundamental amplitude 170V 169.6 V 169.9 V
Back EMF THD 22.03% 21.25% 20.96%
Flux linkage fundamental amplitude 0.27 Wb 0.27 Wb 0.27 Wb
& THD 7.29% 7.26% 7.17%

4.2. On-Load Performance Analysis

The electromagnetic torque waveform comparison and specific numerical comparison
of each model are shown in Figure 10 and Table 12, respectively. It can be seen that model 2
further reduces the torque ripple by 14% on the basis of model 1, and also increases the
electromagnetic torque by 2.7%. Compared with model 0, model 2 reduces the torque
ripple by 38% and the electromagnetic torque by only 1.6%, which proves the effectiveness
of the proposed structure.

90

Model 0
Model 1
Model 2|

T (Nm)

70

| | |
0 5 10 15 20
Time (ms)

Figure 10. Comparison of electromagnetic torque of each model.

Table 12. Comparison table of electromagnetic torque of each model.

M
odel 0 3 ”
Performance
Electromagnetic torque 77.6 Nm 74.34 Nm 76.32 Nm
Torque ripple 8.9% 6.4% 5.5%

In order to show the superiority of model 2 more comprehensively, the unbalanced
magnetic pull of each model is also simulated. The specific waveform is shown in Figure 11a.
It can be found that although the unbalanced magnetic pull of model 1 is the smallest,
compared with model 0, model 2 does not deteriorate the electromagnetic performance
of the unbalanced magnetic pull of the motor. Therefore, the unbalanced magnetic pull of
model 2 is also within the allowable range. The core loss waveforms of each model are
shown in Figure 11b. It is evident that the core losses of model 0, 1 and 2 are 351.38 W,
351.02 W and 363.15 W, respectively. Although the core loss provided by model 2 is
the largest, it is only increased by 3.3% compared with model 0, which is less than 5%.
Therefore, the core loss of the model is within the allowable range.
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Figure 11. Performance comparison diagram of each model. (a) Unbalance magnetic tension wave-
form. (b) Core loss comparison diagram.

5. Conclusions

In order to reduce the torque ripple of PMSRM, this paper starts with cogging torque,
which is one of the main causes of torque ripple. By analyzing the generation and reduction
principles involved in cogging torque, a new structure that combines pole offset and the sta-
tor auxiliary slot is proposed. In addition, the Taguchi method is used to comprehensively
design the five key factors, which are the position, width, depth, number and shape of the
auxiliary slot. Compared with the original structure, when the electromagnetic torque of
the structure is reduced by only 1.6%, the cogging torque is reduced by 57.6%, and the
torque ripple is reduced by 38%. At the same time, the electromagnetic properties of the
structure do not deteriorate, so the effectiveness of the proposed structure is proven.
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